Pieles GE, Gowing L, Forsey J, Ramanujam P, Miller F, Stuart AG, Williams CA. The relationship between biventricular myocardial performance and metabolic parameters during incremental exercise and recovery in healthy adolescents. Am J Physiol Heart Circ Physiol 309: H2067-H2076, 2015. First published October 23, 2015 doi:10.1152/ajpheart.00627.2015 and right ventricular (RV) myocardial reserve during exercise in adolescents has not been directly characterized. The aim of this study was to quantify myocardial performance response to exercise by using two-dimensional (2-D) speckle tracking echocardiography and describe the relationship between myocardial reserve, respiratory, and metabolic exercise parameters. A total of 23 healthy boys and girls (mean age 13.2 Ϯ 2.7 yr; stature 159.1 Ϯ 16.4 cm; body mass 49.5 Ϯ 16.6 kg; BSA 1.47 Ϯ 0.33 m 2 ) completed an incremental cardiopulmonary exercise test (25 W·3 min increments) with simultaneous acquisition of 2-D transthoracic echocardiography at rest, each exercise stage up to 100 W, and in recovery at 2 min and 10 min. Two-dimensional LV (LV Sl) and RV (RV Sl) longitudinal strain and LV circumferential strain (LV Sc) were analyzed to define the relationship between myocardial performance reserve and metabolic exercise parameters. Participants achieved a peak oxygen uptake (V O2peak) of 40.6 Ϯ 8.9 ml·kg Ϫ1 ·min Ϫ1 and a work rate of 154 Ϯ 42 W. LV Sl and LV Sc and RV Sl increased significantly across work rates (P Ͻ 0.05). LV Sl during exercise was significantly correlated to resting strain, V O2peak, oxygen pulse, and work rate (0.530 Յ r Յ 0.784, P Ͻ 0.05). This study identifies a positive and moderate relationship between LV and RV myocardial performance and metabolic parameters during exercise by using a novel methodology. Relationships detected present novel data directly describing myocardial adaptation at different stages of exercise and recovery that in the future can help directly assess cardiac reserve in patients with cardiac pathology. CARDIOVASCULAR EXERCISE RESPONSE is a complex interplay between respiratory, metabolic, cardiac, and muscular adaptations and is traditionally assessed in children by using cardiopulmonary exercise testing (CPET) (1, 34). CPET has been used in diagnosis and risk stratification in children with heart disease (38) as it can impose physiological stress on the cardiovascular system to determine submaximal and maximal capacity, while numerous studies in adults with cardiovascular disease have shown CPET is a strong predictor of clinical outcome (2). Two methodological limitations of CPET are, however, the inability to provide data on myocardial function in response to the imposed exercise stress, the dominant process being to increase cardiac output to enhance oxygen delivery (3), and its limited and indirect inferences of cardiac reserve.
pulmonary exercise testing (CPET) (1, 34) . CPET has been used in diagnosis and risk stratification in children with heart disease (38) as it can impose physiological stress on the cardiovascular system to determine submaximal and maximal capacity, while numerous studies in adults with cardiovascular disease have shown CPET is a strong predictor of clinical outcome (2) . Two methodological limitations of CPET are, however, the inability to provide data on myocardial function in response to the imposed exercise stress, the dominant process being to increase cardiac output to enhance oxygen delivery (3) , and its limited and indirect inferences of cardiac reserve.
Over the last decade these methodological constraints have led to several pilot studies directly investigating cardiac function during exercise in the healthy pediatric population by using echocardiography (5, 37, 42, 43) . A limitation, however, of these studies is that the investigated echocardiographic parameters, for example, fractional shortening or ejection fraction, do not measure myocardial performance and show a significant cardiac load dependency, which is augmented by the significant before and after load changes during exercise. Therefore, most echocardiographic parameters are unsuitable to describe myocardial performance and cardiac reserve during exercise.
The gold standard measure of load-independent contractility is end-systolic elastance (19) . This parameter has been used to invasively investigate contractility responses to exercise in the animal model (32) and in adults by altering the force-frequency relationship by using either inotropy, exercise, or pacing in several classical studies (9, 16, 17) . These studies have also highlighted that investigating the force-frequency relationship under stress as a measure of contractility can differentiate between cardiac adaptive and maladaptive processes (16, 17) .
The use of invasive techniques such as inotropy or pacing in the pediatric population is, however, not ethically viable because of its invasive nature and only used occasionally in the clinical setting. To overcome these issues, noninvasive assessment of isovolumic acceleration time (IVA) as a load-independent measurement of contractility (45) has recently been successfully used to investigate contractility exercise response in pediatric patients (40, 41) . IVA is, however, imaging plane dependent, is unsuitable to assess regional myocardial function (27) , and has been primarily used for research purposes rather than in a clinical setting. Myocardial deformation imaging has emerged as a potentially suitable imaging modality to describe myocardial performance during exercise stress echocardiography, as it is less load dependent (50) than classic parameters of cardiac function. In particular, two-dimensional (2-D) speckle tracking also shows angle independency, paramount when acquiring echocardiographic images during exercise with significant translational heart movement. Currently, myocardial strain measurement by 2-D speckle tracking has only been used in children in one previous pilot study to assess myocardial function during exercise (4) . Two-dimensional strain measurement has been validated in clinical pediatric echocardiography for the assessment of left ventricular (LV) and right ventricular (RV) function (12) , at rest in normative healthy pediatric volunteers (28) , and has been validated against magnetic resonance imaging (20) . The correlation of 2-D strain to invasive contractility measurements has been shown in the animal model (21) . Additionally, 2-D strain was shown to be more sensitive to mild functional impairment than traditional echocardiographic functional parameters, can also assess regional myocardial function, and image acquisitions of 2-D strain data are time efficient and easy to obtain (7). Therefore, 2-D strain measurement could prove to be a very suitable tool to investigate myocardial performance response to exercise stress.
Furthermore, used simultaneously, 2-D strain echocardiography and CPET can provide a comprehensive and direct description of cardiopulmonary exercise responses. Therefore, the aim of this study is to describe the comprehensive assessment of cardiopulmonary response to incremental exercise by using 2-D strain to assess myocardial performance in conjunction with simultaneous assessment of metabolic gas analysis by CPET. This study presents normative healthy volunteer data in adolescents and the relationship between myocardial exercise performance and metabolic exercise parameters.
MATERIALS AND METHODS

Participants
Twenty-three healthy children, 17 boys and 6 girls (mean age 13.2 Ϯ 2.7 yr), volunteered to participate in this study. All participants underwent a full structural and functional resting echocardiogram to exclude any underlying cardiac disease following pediatric guidelines (25, 26) . Participants then underwent a maximal CPET with simultaneous echocardiographic assessment on a semirecumbent bicycle. The study was conducted at the Children's Health and Research Centre, University of Exeter. Ethical approval for the study was obtained from the UK National Research Ethics Service (NRES). All participants signed a NRES-approved assent form and parents or guardians signed a NRES-approved consent form prior to participation.
Exercise Testing
An incremental CPET on a recumbent cycle ergometer (45°incli-nation) (Lode and GE Healthcare eBike EL Stress Echo Couch) to volitional exhaustion (25 W•3 min increments) was performed by all participants. The pedaling frequency was kept constant at 60 Ϯ 5 rpm, and the test was stopped when subjects reached volitional physical exhaustion or when they were unable to maintain the required pedaling frequency (11) . Subjective exercise intensity was assessed by using a standard modified Borg scale at the end of each stage and end exercise.
Ventilation volume and expired gas composition were measured breath-by-breath with a metabolic cart (Metalyzer II, Cortex, Leipzig, Germany). The gas analyzer was calibrated for barometric pressure, flow volume (3-liter syringe, Hans Rudolph Kansas City, MO), and two-point gas composition (atmospheric air and a standard gas cylinder containing 15% O 2 and 5% CO2) before testing. The subjects were fitted with size-appropriate face masks and breathed through low dead space (73-114 ml) and low-resistance oronasal mask and breathing valve assemblies (V-mask, 7400 series, Hans Rudolph). Heart rate (HR) at submaximal and maximal exercise stages was recorded from the electrocardiographic (ECG) leads attached to the echocardiographic machine. The gas exchange parameters captured by the metabolic parameters were analyzed and displayed by online software in the computer (Metasoft, Cortex). After the completion of the exercise test, the breath-by-breath gas exchange data were averaged over consecutive 10-s periods and exported as Excel spreadsheets (Microsoft Office) for further analyses. The gas exchange parameters were then averaged over the last 30 s of each stage. The peak work rate (Wpeak) for the unfinished stage of the step protocol was computed by the following formula (22) : Wpeak ϭ POf ϩ (t/T ϫ D), where POf is power output of the last stage, t is time in seconds of the last uncompleted stage, T is duration in seconds of each completed stage, and D is power output difference in watts between consecutive work rates.
Echocardiography
Echocardiographic studies were performed with a 4 -6 Mhz transducer Vivid Q GE ultrasound system (GE Healthcare, Little Chalfont, UK). A standardized supine resting echocardiogram was performed prior to exercise testing following published guidelines (25, 26) . Images were obtained in 2-D, M-Mode, spectral, and tissue Doppler; 2-D images were optimized for off-line 2-D speckle tracking assessment. Chamber diameters were measured in parasternal short-axis view on M-Mode images and fractional shortening calculated. Spectral pulse wave Doppler interrogation of the transmitral inflow and aortic outflow was performed from the four-chamber view; mitral peak E and A waves were measured and E/A ratio calculated. Pulse wave and continuous tissue Doppler imaging were recorded with peak velocities of ventricular wall excursion (S=, E=, and A= waves) at the base of the LV and RV just below the level of the mitral and tricuspid valves, respectively. All resting echocardiographic parameters were measured on the same day prior to exercise testing.
Strain Analysis
All strain analysis was performed using manufacturer-specific software platform (ECHOPAC version 112, GE Vingmed Ultrasound AS, Horten, Norway). Two-dimensional images were obtained at rates of 40 -90 frames per second (fps) in apical four-chamber view, or modified apical four-chamber view for RV assessment, parasternal short axis at the level of the base of the LV. Three cardiac cycles were acquired in raw DICOM format, and analysis was performed on one manually selected cardiac cycle. The endocardial borders were manually contoured at end systole with the range of interest adjusted to include the whole myocardium. Peak systolic global longitudinal (Sl) and circumferential (Sc) strain was defined as the maximal deformation of a segment in systole and is represented as a percentage (%) of the original size. Peak systolic global strain rate (SRc) was defined as the rate of maximal deformation of a segment in systole over time and is expressed in 1/s (46) . Standard nomenclature was used to describe LV and RV 2-D strain (46) . RV longitudinal peak systolic strain was measured in three lateral segments. Circumferential peak systolic strain was measured at the base of the LV. Mean or global values for circumferential and longitudinal strain were calculated for each level only if good tracking was obtained in a minimum of four segments. Image acquisition and off-line analysis was performed by two physicians experienced in pediatric echocardiography and strain analysis.
Exercise Echocardiography
Focused echocardiography was performed for 2-D speckle tracking strain analysis during free breathing exercise 60 s into each exercise stage starting at baseline (unloaded pedaling), at 25, 50, 75, 100 W, and during recovery at 2 min and 10 min after end exercise. Myocar-dial performance response to exercise was assessed by 2-D speckle tracking echocardiography for the LV up to a work rate of 100 W and for the RV up to a work rate of 50 W and at 2-and 10-min recovery in both ventricles. Images were acquired over three continuous cardiac cycles in LV and modified RV apical four-chamber view for longitudinal strain analysis and for the LV in parasternal short-axis view at the base of the LV for circumferential strain by using frame rates of 40 -90 fps. A minimum of six cardiac cycles were recorded to capture at least one cardiac cycle in expiration. Strain analysis was performed as described above. Images were rejected if software indicated poor tracking quality or by analyst's judgement of insufficient image quality. Strain analysis was not performed at stages where image quality was insufficient. LV circumferential peak systolic strain was measured with the same echo settings. Intraobserver and interobserver evaluation of exercise strain measurements was performed on two independent occasions 3 mo apart with the same selected images in a subset of subjects.
Statistics
Descriptive statistics (means Ϯ SD) of measured and derived variables were used to characterize the sample. Prior to analyses, diagnostic plots were created to provide checks for heteroscedasticity, normality, and influential observations. Outliers were identified as being Ͼ1.5 times the interquartile range by using box and whisker plots.
Relationships between strain parameters and CPET variables were determined by scatterplots and linear regression analysis. Investigation of the force-frequency relationship during exercise was assessed by locally weighted scatterplot smoothers (LOESS) and t-test analysis. Paired t-tests and one-way analysis of variance ANOVA were used to test for differences in strain and strain rate measures.
All statistical analyses were performed by R (R Core Team 2014. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria) and by SPSS Statistics Software (version 20.0, IBM, Armonk, NY) and Graphpad Prism (version 5.04 for Windows, GraphPad Software, La Jolla, CA). Sample sizes did vary because of two main reasons: the image quality was deemed not sufficient to analyze the selected parameter or the participant did not reach the selected power output. A probability level of P Ͻ 0.05 was accepted to indicate statistical significance.
For reliability analysis, intraobserver and interobserver reliability were tested by using a two-way mixed effects model intraclass correlation coefficient during all analyzed exercise stages and at 2-and 10-min recovery. This was completed in a total of 24 strain measurement data sets for LV longitudinal and circumferential strain, respectively, and 18 strain measurement data sets for RV longitudinal strain.
RESULTS
The participant's mean anthropometric data were stature 159. 
Myocardial Performance During Exercise
LV Sl and LV Sc increased significantly during exercise between rest and a work rate of 100 W (P Ͻ 0.001). LV Sl was significantly increased between rest and each exercise stage (P Ͻ 0.05) after the first stage. LV Sc was significantly increased between rest and each exercise stage (P Ͻ 0.05) after the second stage. LV SRc increased between rest and exercise from Ϫ1.3 Ϯ 0.3 (rest) to Ϫ1.8 Ϯ 0.3 (0 W), Ϫ2.3 Ϯ 0.9 (25 W), Ϫ2.3 Ϯ 0.6 (50 W), Ϫ3.1 Ϯ 0.9 (75 W), and Ϫ3.2 Ϯ 1.0 (100 W), with statistically significant differences found between rest and work rates from 50 to 100 W (P Ͻ 0.05). RV Sl increased significantly between rest and a work rate of 50 W (P Ͻ 0.05). Exercise stagespecific strain values are listed in Table 3 . For LV strain measurements, no participants had to be excluded from the analysis; for RV strain measurements, two were excluded because of insufficient image quality at the majority of exercise stages. Representative images series for LV Sl, LV Sc, and RV Sl analysis at rest, exercise, and recovery are shown in Figs. 1, 2 , and 3. IVSd, interventricular septum in systole; LVIDd, left ventricle internal dimension in diastole; LVPWd, left ventricular posterior wall in diastole; IVSs, interventricular septum in systole; LVIDs, left ventricle internal dimension in systole; FS, fractional shortening; MAPSE, mitral annular plane systolic excursion; TAPSE, tricuspid annular systolic excursion; MV E, transmitral inflow in early diastole; MV A, transmitral inflow with atrial contraction; LV lat S=, left ventricular lateral wall systolic velocity; LV lat E=, left ventricular early diastolic velocity; LV lat A=, left ventricular late diastolic velocity; RV S=, right ventricular free wall systolic velocity; RV E=, right ventricular early diastolic velocity; RV A=, right ventricular late diastolic velocity.
Myocardial Performance During Recovery
LV Sl returned to resting values at 2-and 10-min recovery without a significant difference for LV Sl (P ϭ 0.304 and 0.082, respectively) and LV Sc between resting and recovery values (P ϭ 0.422 and 0.127, respectively). RV Sl returned to resting values at 2-and 10-min recovery without a significant difference for RV Sl (P ϭ 0.534 and 0.287, respectively) ( Table 3) .
Relationship Between Resting and Exercise Myocardial Performance
A significant and positive moderate relationship was found between LV Sl at rest and 100 W (r ϭ 0.530, P ϭ 0.019). The relationship between LV Sc at rest and 100 W was not found to be significantly correlated (r ϭ 0.368, P ϭ 0.216). Analysis of the relationship of LV SRc between rest and exercise revealed a positive relationship between LV SRc at rest and 75 W (P ϭ 0.004) with a moderate positive correlation (r ϭ 0.656), but not at 100 W (r ϭ 0.294, P ϭ 0.287).
Relationship Between Resting and Recovery Myocardial Performance
Moderate, positive, and significant relationships between resting and 10-min posttest strain values were observed for LV Sl by linear modeling (r ϭ 0.566, P ϭ 0.005) and for LV Sc (r ϭ 0.503, P ϭ 0.028), demonstrating resting strain is proportional to strain at 10-min recovery in individual subjects. A moderate positive and significant relationship between resting and both 2-and 10-min recovery RV Sl values was observed on linear modeling (P ϭ 0.027 and 0.043, respectively) alongside moderate positive correlations (r ϭ 0.494 and 0.481, respectively), showing RV Sl at rest correlates to RV Sl at both 2-and 10-min recovery in participants. 
Force-Frequency Relationship
A significant and linear correlation for LV Sl and HR (r ϭ 0.525, P ϭ 0.021) was found. The relationship between LV Sc and HR (r ϭ 0.261, P ϭ 0.390) was not significant at 100 W. The force-frequency relationship was also assessed by using strain rate as a more loadindependent measure of contractility. A weak linear correlation for LV SRc and HR was identified and nearing significance (r ϭ 0.489, P ϭ 0.064, n ϭ 15) (Fig. 4) . A significant relationship between LV SRc and HR was present at 50 W (r ϭ 0.510, P ϭ 0.018).
Relationship Between Myocardial Performance and Metabolic Exercise Response
Myocardial performance and V O 2peak . We assessed the relationship between myocardial performance and metabolic exercise response by using LOESS plots and t-tests and found a very significant positive correlation between percentage of V O 2peak and LV Sl (r ϭ 0.729, P ϭ 0.005, n ϭ 13). For LV Sc the relationship was not significant (r ϭ 0.687, P ϭ 0.088, n ϭ 16) (Fig. 4) .
More specifically, we assessed the relationship between LV 2-D strain and different stages of exercise metabolism, and we calculated LV strain reserve at 70 Ϯ 13% of V O 2peak for a subset of 10 subjects. No significant correlations between LV strain reserve at 70 Ϯ 13% V O 2peak and percent of gas exchange threshold (%GET) for both LV Sl reserve (r ϭ 0.152, P ϭ 0.604, n ϭ 14) and LV Sc reserve (r ϭ 0.036, P ϭ 0.921, n ϭ 10) were found. LV SRc at 70 Ϯ 13% V O 2peak and %GET were not significantly correlated (r ϭ 0.118, P ϭ 0.781). The LV longitudinal maximal strain reserve and V O 2peak relative to body mass was found to be significantly and positively correlated (r ϭ 0.562, P ϭ 0.046, n ϭ 13).
Myocardial performance and oxygen pulse. Oxygen pulse at 100 W showed a strong positive significant relationship to LV Sl (r ϭ 0.650, P ϭ 0.016), LV peak Sc (r ϭ 0.784, P ϭ 0.037), and at 75 W with LV SRc (r ϭ 0.626, P ϭ 0.03) (Fig. 4) .
Myocardial performance and work rate. LV Sl correlated also to work rate and showed a direct relationship to power output throughout the different exercise stages between 25 and 100 W (r ϭ 0.234, P ϭ 0.018) (Fig. 4) . Linear regression analysis of LV Sl and LV Sc to work rate between 0 and 100 W demonstrated a significant relationship (P ϭ 0.016 and 0.004, respectively) (Fig. 4) . Univariate analysis demonstrated that HR had no significant effect (P ϭ 0.636) on the relationship of LV Sl and work rate.
The intra-and interobserver average variance for resting, exercise, and recovery strain values ranged from 0.6 to 8% with and intraclass correlation coefficient (ICC) between r ϭ 0.78 to 0.98 for LV Sl; from 0.9 to 9.1% with ICC between r ϭ 0.87 and 0.98 for LV Sc and from 0.8 to 6.6% with ICC between r ϭ 0.75 and 0.93 for RV Sl.
DISCUSSION
In this study we have defined LV and RV myocardial response to exercise and its relationship to resting and recovery myocardial performance. To the best of our knowledge, we report for the first time data on simultaneous assessment of myocardial performance by 2-D strain and metabolic exercise parameters in healthy adolescents. We have demonstrated feasibility of using 2-D strain analysis to describe myocardial performance reserve and force-frequency relationship during exercise and recovery and have uncovered several relationships between myocardial exercise performance and metabolic exercise parameters. We have used exercise stress and not inotropic stimulation, as it is noninvasive and more importantly mimics physical activity in its effect on cardiac performance. This is advantageous over inotropy or pacing, as adult data have shown that the relationship between HR and contractility is different for pacing, inotrope, and exercise stress (16) .
We have determined that LV and RV myocardial performance increased significantly and incrementally through different exercise stages well beyond the GET without reaching a plateau, and this has not been directly documented before. Specifically, we have found a significant relationship of 2-D strain values between rest and exercise for LV Sl at rest and 100 W, which was moderately and positively correlated (r ϭ 0.534, P ϭ 0.019). However, this relationship for LV Sc between rest and 100 W was not significantly correlated (r ϭ 0.368, P ϭ 0.216), which could be due to the smaller sample size analyzed for LV Sc at 100 W, but will need to be tested in larger cohorts. The smaller sample size for LV Sc is the result of exclusion secondary to increased translational movement artefacts at higher work rates in the transverse plane affecting LV Sc measurement in some participants. We also investigated LV peak systolic strain rate as a relatively load-independent parameter (10) in the circumferential plane as the dominant plane of force generation in the LV and found a significant increase during exercise and a moderate positive correlation between resting and exercise LV SRc. We have also described an accentuated force-frequency relationship during exercise. In this respect, our data is in concordance with the only previous study investigating the force-frequency relationship during exercise in children, but by using IVA (41) . The exercise force-frequency relationship has, however, not been demonstrated by 2-D strain during exercise-a more clinically useful and practical tool than IVA to measure myocardial performance. Direct measurement of the force-frequency relationship during exercise stress could particularly be of importance to discover early ventricular dysfunction in pediatric patients with normal resting ejection fraction as recently shown (39, 41) .
A positive correlation and dependency between absolute resting and exercise strain was found in our study; for example, LV Sl is directly proportional to LV Sl at 100 W exercise work rate in participants. This observation will need to be evaluated in a larger population and in cardiac pathology, but could make resting 2-D strain a predictor of exercise myocardial performance.
In our study we found a linear and significant relationship between maximal strain reserve of LV Sl and peak oxygen consumption, and this relationship can be inferred to be weak- ened in pathological conditions and become an important marker for early ventricular dysfunction. Strain reserve reflects the ability of the ventricles to increase contractile function (cardiac reserve) during exercise regardless of resting values. The classic concept of cardiac reserve has in the past been used to help define recoverability of LV in heart failure (33), and 2-D strain reserve might be suitable to further validate and extend this approach.
Interestingly, detailed analysis showed that 2-D strain during exercise increased minimally in the initial exercise stages, particularly for LV Sc, but that an increase was more pronounced after the initial stages. This observation is very likely a reflection of the previously observed early cardiac output increase by HR and filling rather than systolic contractility in healthy nonathlete adults (15) .
We have additionally found a significant linear relationship between resting and recovery strain values for LV and RV Sl. Two-dimensional strain data during recovery showed normalization within 2 min of recovery time. Of note is a trend to subresting 2-D strain values during recovery, albeit not statistically significant in our sample. This could reflect a myocardial debt as a reflection of altered or even impaired myocardial recovery metabolism and will need to be explored further. Overall, our data indicate that myocardial performance assessment by 2-D strain is a sensitive and responsive tool for the quantification of cardiac reserve during exercise and in recovery.
This first time assessment of correlating myocardial performance response to exercise with simultaneously acquired metabolic exercise parameters revealed several important relationships. LV myocardial exercise performance is closely linked to parameters of metabolic capacity during exercise such as V O 2peak and O 2 pulse, but also work rate (Fig. 4) . In particular, the linear relationship between both LV Sl and V O 2peak has not been described previously and provides direct evidence that myocardial performance plays a distinctive part in defining overall exercise capacity. Our study also showed that O 2 pulse correlates to myocardial performance of the LV as measured by 2-D strain during exercise and, to our knowledge, directly confirms for the first time that O 2 pulse is therefore an adequate indirect assessment parameter for cardiac function response as used in clinical CPET (2) .
This study also adds to the scarce data on RV function and describes myocardial reserve using 2-D strain for the RV for the first time in adolescent children. The RV has been implicated as a cause for exercise dysfunction in adults with congenital heart disease (14) , as well as in the healthy adult population (24) . Besides, RV pathology and LV-RV interaction play a dominant role in the pathophysiology of children with congenital heart disease, where assessment of RV function at rest is used in risk stratification in coronary heart disease (31, 49) , and RV function assessment during exercise could further enhance this evaluation.
Methodology Limitations
Our imaging protocol was robust in acquiring echocardiographic data to work rates up to 100 W for the LV. Higher work rates are associated with significant movement artefacts due to whole upper body muscle utilization and increased respiratory efforts, and this limits high-fidelity image acquisition in particular of the RV. We therefore only included for analysis RV strain for work rates up to 50 W. Additionally, tachycardia at maximal exercise efforts does not allow for recording of sufficient frame rates per cardiac cycle for 2-D strain analysis (under sampling) and led to exclusion of some participant data at highest recorded work rates of 100 W for LV (Table 3) . Intra-and interobserver variability analysis does, however, show an acceptable intraclass correlation. Furthermore, 2-D strain analysis was performed up to 70% of V O 2 max , which was significantly beyond GET (Table 1 ) and correlated to a work rate of ϳ100 W in our cohort (Table 2 ). This allowed for modeling of all metabolic relationships beyond GET. The ability to model these relationships at submaximal exercise levels makes our methodology suitable for patient cohorts with significantly reduced exercise capacity incapable of reaching maximal exercise levels.
We have included LV SRc into our analysis as it correlates with the load-independent gold standard measures of contractility change in pressure over time and end-systolic elastance (13) . Two-dimensional strain assessment was chosen as at rest is more sensitive to picking up regional myocardial dysfunction in children than traditional parameters such as ejection fraction as, for example, shown in children with Duchenne muscular dystrophy (30) . This in combination with exercise imaging, which also is more sensitive to mild dysfunction, could help make 2-D strain become a useful clinical tool. It needs to be noted that 2-D strain assesses only unidirectional myocardial deformation forces and cannot therefore capture the complex multidimensional and directional cardiac myofiber deformation (10) . We have attempted to address the multidimensional LV myocardial deformation by analyzing the two most widely used deformation planes, longitudinal and circumferential strain analysis. Longitudinal and circumferential strain show lower intra-and interobserver variability in children compared with the third deformation plane, for example, radial strain (20) . A disadvantage of 2-D strain analysis is the acquisition at low frame rates, which makes measurements at higher HR and work rates less reliable because of undersampling, in particular, for strain rate. In contrast, tissue Doppler-derived strain with acquisition of much higher frame rates has some advantages in children (48) , but is inferior during exercise because of its angle dependency, in particular, at higher work rates with more significant translational chest movement.
Exercise was performed on a semisupine cycle ergometer, and this will lead to an altered before and after load response during exercise, changing the differential contribution of HR and stroke volume to enhance cardiac output (47) . However, our group and others have shown significant stroke volume increase also during supine exercise by using cardiac magnetic resonance imaging (23, 36) , and a comparative study in children between upright and supine CPET has additionally found good correlation of parameters (29) .
To minimize the effects of body movement and heart rate, only exercise stages up to 100 W were assessed in this study, and we were therefore not able to describe myocardial reserve at maximal exercise intensity. And the much debated question as to whether myocardial deformation reaches a plateau or continues to rise linearly with HR (44) could be investigated in future studies by using our methodology.
Simultaneous assessment of biventricular myocardial performance and metabolic exercise and recovery response uncovered several novel relationships. Direct assessment of ventricular function parameters during exercise can be effectively utilized if cardiac and metabolic responses are simultaneously assessed. This protocol can overcome the limited predictive value of exercise capacity on cardiac function. Direct investigation of myocardial performance response to exercise has contributed to the still limited understanding on how myocardial performance facilitates stroke volume increase at different exercise stages. In the clinical setting, this protocol could serve as a tool to better quantify myocardial reserve, which is an important concept in risk stratification of ventricular dysfunction. 
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